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DESIGN OF POWER-PLANT INSTALLATIONS

PRESSUIZE-LCSS CHARACTERISTICS OF DUCT COMPONENTS ~.,

By John R. Henry

SUMMARY

A correlation of what are believed to be the most
reliable data available on duct components of aircraft
power-plant installations is presented herein. The in-
formation is given in a convenient form und is offered
as an aid in designing duct systems and, subject to
certain qualifications, as a guide in estimating their
performance.

The design and performance data Include those for
straight ducts; simple bends of square, circular, and
elliptical cross section; compound bends; diverging and
converging bends; vaned bends; diffusers; brunch ducts;
internal inlets; ar.dangular pl.~cement of heat excb.angers.
Examples are included to illustrate methods of applying
tli~s~ data in anti?.yzinCduct systems.

INTRODUCTION

The objectives in the design of an aircraft duct
system ere to fit the components of tlhesystem within
the available space and to meet an air-flow demand with
a minimum of energy 10ss. Analyses of duct systems are,
in general, made for one ov more of the following
purposes:

(1) Estimation of pressure loss in a duct

(2) Determination of rate at which air will flow
through a given duct system

i .-
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(3) Calculation of exit area required to

IJO. IJ+F26 -

obtain a
desired rate of atr flow-through a given
duct system “ ‘

●

(4) Evaluation Or a~n?l~e drag chargeable to flow .
through a duct system

Aircraft duct systems occur in an Infinite diversity
of forms b~t, for the purposes or design and analysis, “
must at present be treated as a series of’cmnponmt parts - “
such as bends, nozzles, and dlffucers - for which design
and performance data ape available. Analyses of duct
systems are Generally step-by-step procedures in Wiich
changes In the energy and the physical state of tke
ducted air are followed progressively from the free stream
ahead of the &irplanethrough the successive duct com-
ponents to the point or discharge f’romthe airplane.
Simplified procedures Tor making such analyses are given
In references 1 and 2, and a precise, rtgorous method is
given in ref%rence 3. These references are primarily con-
cerned ~ilth analytical procedtie aud do net de~l with loss .
characteristics of duct components,

A large amount of expertiental data and some theo-
retical treatments of’the f’lo~vin duct components exist, L
but the data often appear to l.”?inconsistent and some of
the theoretical treatments .:(c5contradictory. This lack
of egreement. is principally due to inadequate considera-
tion ol’all variables affecting tii~ flow characteristics - .
a natural consequence of the Undeveloped state of the
theory.

The purpose of this paper is to prese:lt, in simple “
and concise form, i.nfonnationuseful for the analysis and
design of duct systems for aircraft power-plant ~nstal- , ‘
lations. Data are presented on design criterions and
pressure-loss characteristics of straight ducts, duct “ ‘
bends of various cross-sectional shapes, variedbends,
branch ducts, and several types of diffuser. Several
examples are presented to show methods used in analyzing
duct systems.

In the present report the most reliable data avail-
able have been usad but some of these data are recognized
as questionable. In cases in whtch datu from different
sources are Inccnslstent, tha material presented is,
as far as possibls, a mean w~ighted by consideration of
the conditions under ~~hich t~leresults were obtained. “
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in w~ich the air flow is lrkiucedby-blowers. “ -

A

a

CL
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SY’!WXJS :./,,
i,,:;

l’;/
“1

duct cros~-sectional area, squal’efeet

velocity of sound, feet per second

lift coefficient (5/Gcb

length of vane chord, feet

D hydz-aulic dinmater, feet

(

L x cross-r+uctImM?l area of duct

)
..——-...— -..-.--——-.—— —

Perimeter of duct

d diameter, feat
r..

Fc
./l~

compressibility factor
(

f friction factor for stral*t

-. -. .-.—. — . . . . ... . . .
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gap or vane spacing, perpendicular distance between
vane chords, feet

total presm.me, pounds per square foot

heig?%t of duct (in case of bend, dimension in plane
perpendicular to plane of bend), feet

crtiitrary constant

(bend-loss coefficient ‘f of bend dividetiby ~ -

of equivalent constant-area bmd with identical

iill~t)

Mach nul.:ber (V/a) .

mass rate of’ficw, SIUHS per sccor.d

perlmetar 01’duct cross section, f’cet

static pres~ure, pounds per square foot

volume rate of flow, cubic feet per second

llaymolds number (PVD/P)

radius, feet

i~eanradius of bsad, feet

tempe.ruture, % absolute

velocity in duct, I’cetpcr
. .

second
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‘o free-stream velocity, fset per second

a

P

A

P

P

AH

AH~

mb.t AV

II”F/wh/’w

5

.
‘herd),~~et ~

abscissa cnd ordinate of standard coordinate system

angle cf att~ck in relatlon to alr-~tream direction,
degreas .

ar;gleof duct ber.d, degrees
.

engle of junctinn cj?duct and resistance unit,
de~ees

total-press~me-loss coefficient

radius ratio

I b outside wall ol ber~d

i —.—.— .
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exit
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flared Inlet

inlet

resistance unit

arbitrary station
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in &Act system

Skin friction and flaw sepa~aation are t~:of’undg.mental
causss of pressure loss in Fully turbulent f’10w throu@
any duct component. The 10ss in n .givcnduct co..ipcmeat
from each of these ca~ses is ro@tily proportional to the
dynamic pr9ssurs of ~ir flow. Since the dyn~.micyessure
of the air flow is proportional to the square cf the flow
velocity, the first basic yincipl.e in ths destgn of
efficient ducts 2s ths maintenance cf a low i’lowvelocity
by tlieuss of.ducts or adequate size. Tke importance of
this principle may be illustrated by noting that, fcr Q
given rate of air flow, halving the dimeter of a circlllar
duct multiplies the vqlocit:es by ~ and ths los9es by 1.6.

Although skin friction is the domtnant causa cf
pressure loss in flow tkro~gh straight .ductq of co~stant
cross section, this pressure 10S3 ~s sI:Ellcomparsd with
the lesses that occur wlnentl.enaln I’low s9parates from
the duct walls and thus creates areas of’reversa flo-~cmd
violent turbulence between the main flow and the duct walL -
These areas require velocities in the main strean higher
than are otherwise neces9ary. The second basic principle
in the design of efficient ducts, therefore, is the maxi-
mum reduction of flow separation.
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One type of flow-separation:=occurs.when forces arise

i“nthe alr stream In a direction opposite to the direc-
tion of flow. Such a force is the pressure rise (or
“adverse pressure gradientlt) produc”edby a deceleration
of the air flow - for example, the deceleration of the
air flow in a diffuser~ “Tne rate of pressuz% rise that
may occur without prodticlng flow separation depends on .
the velocity of flow near the duct wall, because the
presence”of thick boundary layers of slow-moving alr is
conducive” to separation. Converselyfi a decreasing pres-
sure in the direction of tlow (or a favorable pressure
gradientft), such as occur$ in a nozzle, tends to prevent
separation.

Changes of flow direction, as in bends, also give. -
rise to forces that tend to cause separation of flow
from the inner surface of the bend. Surface roughness
or protuberances “that cause local disturbances or re-
tardation of the air near the duct wall aggrsvate condi-
tions of incipient separation. screens or resistances
across the ezitire duct, on the othsr hand, tend to
stabilize the flow and oppose separation by resisting
flow increases in the center of the duct at the expense
of the flow near the walls or the duct.

PROPERTIES AND DESIGN OF DUCT COMPONENTS

Pressure-loss characteristics and design criterlohs
of several typical duct components are given in fig=
ures 1 to 16. The total-pressure-loss coefficient AH/qS
a ratio of loss in total pressure to dynamic pressure at
the entrance to the duct component, has been given di-
rectly wherever possible; in all other cases, coefficients
are given from which the pressure-loss coefficient can
be computed. .

Straight ducts of unif’prm.cross secclon.- The
pressure-loss coerficient rO~ straight ducts of uniform
cross section is given by the relation

.. .

(1)

The friction factor f varies with the character of the
duct”surface and the Reynolds number based on mean air

I ..-. .—. -- -.
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velocity and the hydraullc ‘diameter of the duct. Values
of f obtained from figure 51 of reference 4 are plotted
against Reynolds number In flgurel. Data in figure 13
of reference 5 “agree closely with values in f@ure 1.
Detemd.nation of’the Reynolds number is facilitated by
supplementary curves obtained by plotting the ratio of
mass rate of flow to duct perimeter against Reynolds
number for a number of air temperatures. The klnetlc
viscosity of the alr used in constructing the supple-
mentary curves of figure 1 was determined by Sutherlandls
equation as presented in reference 6.

A typical value of AH/q for straight aircraft

ducts IS 0002& which is usually Inconsequential com-

pared with other parts of the system, and the loss In
sections of straight ducts is generally neglected. Long
winding ducts of small diameters, such as cabin-heater
ducts, are sometimes treated as straight ducts of’higher
than average pressura loss due to friction. The us- of

is recommended

90° bends

Al?—= o.04&
q

in reference 7.

of constant-area rectangular cross sec-f —
tion.- Pressure-loss coefficlents of 90” bends of .
~tant-area and rectangular cross section given in
figure 2 for three values of Reynolds number based on
hydraulic diameter are derived from data appearing in
references ~ and s to 12. The beneficial effect of
large radius ratio appears throughout the range of R
but the optimum aspect ratio shows a marked change with
Reynolds number.

90° bends of constant-area elliptical cross sec-
tion.- Pressure-loss characteristics of ~Oo bsnds of’
~tamt-area elliptical cross section are given in fig-
ure 3 for three values of Reynolds number. The data
include circular ducts as a special case and were derived
from data in reference z. The benefits of large radius
ratio and the existence of an optimum aspect ratio are
noted for the bends of constant-area elliptical cross
section as well as for rectangular ber.ds. The effects of
Reynolds number are much less for bends of elliptical
cross section than for bends of’rectangular cross section
and appear mainly f’orthe bends of high radius ratio.

.
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0° bends of cha
+ — y=r*-siwif’can’ d”’a(de-rived . rom r~erenc~l concerned with the relation of

““”tire”a’Chti”ge-”to””’tlie--l’oss-in 90° bends of..aparticul&r
geometry are shown in f’igurb4. In”thls figure the ratio
of loss in a bend with “changing area to that in a bend .
with identical inlet form but constant area is plotted
against the ratio of entrance width to exit width of the
nonuniform bend. Important reduction of loss in con- -
verging bends and serious increases in “loss in diverging .
bends are noted; the loss increases are particularly
serious for bends of small radius.

Simple bends otker than 900.- No satisi’actor~ corre-
lation has been made oi’aa~~ variation of pressure-
10SS coefficient with angle of bend. Pressure 10ss of
45° bends can apparently va~ from one-third to two-
thirds the loss of a similar 90° bend, according to the
test conditions.

Compound bamls.- Pre9sure-loss coefficients for three——
types of compcund bend (fig. 5] derived from reference ~
are shown in figme 6. Inasmuch as differences in the
lossas between the U-, Z-, ~~id ~OO-offsat bends a-ppear

from referance 5 to be smali End i~consistent, tns curves
presented are av~rages cf rosulta for the three types of
bend. There cppears to be Ilttle varir.tion of l~ss with
Ra~~olds number. Introduction ot a 5-foot spacer bet,veen
the two parts of the cawpowml bend has relatively little
affect on the over-all loss but tends to gtve higher
values for optimum aspect ratio. i.comparison of’the
l~OO-band (U-bend) data of figura 6 wltih Lh9 ~OO-bend
data of figure 2 shows that the relative loss varies to
a marked degree with the radtus ratio and aspect ratio
of’the bend.

~fects of surface roughness on band losses.- The
eff’ec~urface roughness on the~s=r=a ig12t
pipes has already been given by the curves of fi~~re 1.
A study of pressure-loss. dat~ for bendszoi’”anQea from
300 to 9~o ~d radius rakio~ from 1 fo 6 (r~~~rence,11)
indicates that the im”luenoe of surface roughness on the
loss in bends, and preswnably of other duct somponer~ts
.in which major flow distwbances arise, is vary m-~ch
greate~ than can be attributed to the increase in skin
friction at the mean velocity cf flow. Ane.lysis of the
data in reference 11 suggests that tha ratio of lo3ses
through two bends, identical except for surface roughness,..

*_”. — ------ —-— —.— ..--.....
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is equal to the 1.75 power or the ratio of friction
factors; that is,

(2)

(The subscripts 1 and 2 in this equation are usad to de-
note the two bends of dtl’fersnt surf’ac9 roughness. ) The
exponent greater thafiunity car.ba explained by the fact
that any deviaticn from a uniform veloclty distribution
because of extensive boundary-layer separation or the
existence of secondary flows would require that some of
the flow be at velooitles greater than the uniform
velGcity. flquation (2) wculd not, therefore, be expectad
to apply for & duct COrnpOlierltnot lnvoivlng extensive
secondary flows or separation.

Equation (2) can be used to correct the bend-loss
data of this report to values correspcndirlg approximately
to flow through duct bends wi~h rough su~f’aces. The
total-pressure-loss coefficient for smooth-surface bends
can be determined from the datu curves of figures 2 to ~
and 6. Tke curvks labelsd “Smooth smfacelt In f’iguse 1
are used to determine the friction factor for smcoth-
surface bends. A re~reser.tatlve value of’frlct~on factor
for rough surf’aces ccrr”ssponding to ducts in prcduzclon
alrplane~ vwlth th~ usual manufacturing irr6.gularitles
is L.CJ1.

Vmed bends.- Vanes may often be advan.tagoously used
in du~~e~spscially when an unfavorable racijusratio
or aspect ratio must be tolerated because cf some limit-
ation pecullar to the particular design. A correctly
desi~ned ‘.%nelnstalietlcm wili impr@ve the velocity
distribution at the exit of the bend and rd.11~cnersl.ly”
re&lce k% pr9ssure lGsses throuph the be~~d. ~~e red~c-
tlon in press-me 19ss arises from the fac~ that the f’low
In a good waned-turn instullatio~ approaches thet flow
wnitihw~ulti occur l? the passage w~i’e divided Irito

sr,allerpc.~sagas of the same depth out shorter tidth and, “-
conse~~hently, of’more favorable aspect and radius rattos.
K’henFore than threa vanes are used, practical considera-
tions usually require a bend with evenly spaced vanes and
equal inner and outer radii. The value that these radii

..-.—_



may.attain IS .us.uall~.llmlted.by the, BP.!#OP.requirement.si.
Figure 7 shows an installation of thin circular-arc vanes
and defines the variables concerned In the design of such
a vane installation. The vanes are equal in radius and
chord to the curved Dortion of the duct surfaoe. F%om
figure 1it oan be

2r sin2.

Worn material
expression for the

n=

s~en that the chord o Is equal to

given in reference 11, the following
number of vanes required can be derived:

2 AVwi ~
—77-mu~ vi G

W&e quantity AV is the vactor difference of the veloc-
ities upstream and downstream of the bend, as Illustrated
In figure 7. For a given bend configuration, therefore,
the number of vanes depends on the lift coefficient at
which the vanes are to operate. If’too high a lift coef-
ficient is assumed in determining the number of vanes
required, high losses and a poor velocity distribution
downstream of the bend will result. An assumed lift coef-
ficient that is too low will result In too many vanes and
the total-pressure loss through the bend will a~ain be
excessive. Reference ~ indicates that, ror thin vanes
installed in a 90° bend, use of a lift coefficient d 0.8
gives approximately minimbm losses and a satisfactory
velocity distribution. It Is not known whether CL=0.8
is the optimum for thin circular-aro vanes for bend
angles other than 90°s but a study of reference 13.lndi-”
cates that use of this value in designing bends other
than 90° bends should give satisfactory results. Results .
given In referenoe 9 show that for a Oo bend the angle
of attack of the vanes a bshould be 0, ‘or3° more than
half the angle of bend. For other angles of bend, the
amount by which.the angle of attack exceeds half the
angle of bend might be @djusted proportionately to the
an le of bend as a first approximation; that is, for a
455 bend, an angle of attack of 24° would be indicated.

.For a 90° bend with”inlet and outlet the stie in
area and shape, equation (1) reduces to

..
2W

n=
r=-1 (3)
Lr

iii ..——. .— , .-..—.-, .
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lly using the value “of CL = 0.8 for thin vanes, equa-
tion (3) becomss

24.1n=
F/~

Results for vanes which

.

have two different thickness
distributions applied to mean lines approaching a circular
arc are given in reference g and show “that, for the opti-
mum vane installation, the loss coefficient AH/q” is
about 0.25, a value relatively insensitive to vane thick-
ness. For vane installations other than the optimum,
the losses are higl%er and vary considerably with the pro- “
file of the vane. The angle of attack for thick vanes
is approximately the same as for the thin circular-arc
vanes and small variations from the optimum angle of
attack do not appreciably affect the pressure loss.
of CL

Values
from 0.9 to 1.0 may be used in determining the

optimum number of these vanes to be used.

Thin vanes of noncircular pro$ile, which are suitablb .
f’orinstallation in bends of equal in19t and exit cross-

sectional areas, have been developed theoretically by
Kr5ber (references ~, 10, 13, and 1~) . Profiles for these
vanes are given in table I end figure 8(a). Tests (ref-
erence La) indicated that installations using a vane of
the tme deveio~ed by Kr6ber are very efficient. as shown
by th;”low 10SS=S gi~en in figure ~(~). The re@ired
number of vanes for a given installation can be deter-
mined directly from the chord length and the gap-chord
curve of figure 8(b~. The break in this curve between
angles of bend from 450 to 6uo is apparently a result of
the methods used in developing the profiles. References
1~, and I& give spe:i~ic data only for angles of bend of
30°, 45°, 600, and yO .

Diffusers.- Losses of straight-wall diffusers of
circular cross section may be computed from the curve of

I

9,

[
. .

figure 9, which was deriv=d from ~igure lG of’ reference 15 “
and figure 1 of reference 16. The loss coefficient Is

given by the relatlon

AH

(J

‘di—=k21-—
q ‘de

(4)
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where k2 is the quantity plotted in figure 9 against
“the’””egui=lentconioa>..~le .ofexpansi.o.n,n..~p loss_due
to an abrupt expansion is obtained from equation (4) by
taking k2 equal to unity. To a ltilted extent, the
losses of dtffusers of moncircular cross sect~on; particu-
larly those of square cross section, are approximated by”
the loss of’an “equivalent conical diff,user[t~whichhas a
circular cross section and of which the leng”th,the inlet %
area, and the outlet area are equal to those of the non- .

circular diffuser.

The most efficient straight-wall diffusers are shown
in figure 9 to be tiioseof equivalent conical angles of
expansion between 3° .and”lOO. Frequently, however,
because of restrictions on the length cf diffuser, it is
necessary to diffuse at angles higher than 10°. curved-
wall diffusers (refe~ences 14 and 15), such as the design
shown in figure 10, have been.found to have appreciably
higher efficiencies than str~ight-wall diffusers, espe-
cially at high angles of expansion. The performance for
this type of diffuser is also shown in figure 10. At the
higher angles of expansion, tf~alowsr pressure lossas are
obtained by diffusing gradually in the first part of the
diffuser and more abruptly in the last part in order to
delay the separation point in the flow. Tests reported
in reference 15 sh~.wno gain when the angle 2q is made
greater tha”n40°. Other sources (unpublished) indicate
that,.if the angle 2q is dreater than 600, large lo~ses
will occur.

Diffusers followed by resistance units, such as
intercoolers j are subject to lower pressure losses at
high angles of expansion than are indicated in figure ~.
An experimental investigation to determine the shapes of
circular diffusers for h@hest diffuser efficiencies in
diffuser-resistance combinations is reported in ref-
erence 170 Figure 11 is a sketch “of *he optimum shape “
and a plot of the included angle between the straight “
walls of the diffuser 2(P agains~, the equivalent conical
angle of expansion 2e. The valhes of 2g are those .
values that gave the highest diffuser efficiency. The
solid and long-dash curves of’figure. 12 show the pres-
sure-losses “Interms of the.loss due to sudden expansion
for diffusers designed according to figure 11. The
short-dash curve of fi~e 12, which is an extension of
the curye given Zn”figure”g, applies to straight-wall
circular diffusers not followed by resistance and is
shown for caparison.
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stream and diversion of one or more. of the consequent
subdivisions of the main stream. Division should be
made as nearly as possible on a basis of rel~tive air
flows and is best accomplished with dividers or splitters
of rather blunt-nose airfoil shape, such as the KACA 0021
airfoil section- (See fig. 33. ) Enlargemmt of cross
sections immediately downstream ot the ~olnt of divi-
sion and in bends is to be avoidod. Ilntrances to branch
ducts should be normal to the air flow. FiCure 13 illus-
trates tl~aappli~ation of :hesc ~?rinclples nnd shows the
division of the riiainstream, the diversion oi’one stream,
and the subsequent subdivision of the diverted stresm.

The internal-duct Inlet is a special problem associ-
ated with branch ducts. The inlet of’a duct that taps
air from a chamber in wy.ich th~ air is essential
stagnant 1s known as an in,tcrna.1inlet. rFl~gure 1A shows
several examples or such inlets with accompanying repre-
sentative values of pressure-less coefi’~cient takan from
reference 11. The desi~ms subject to the least pressure
losses are the flared er!trances, partfcularl~ the design
using a lemniscate. The equation of the curve in polar
coordinates is .

r2 = 26 Cos 2e

The part of the lemniacate used in.the inlet desi-rnex-
tends over a range of e frcm 16° to ~~” (fig. 1~).

Flow-resistance units set at angle to upstrem duct.-
The meeting at an mgle of the inccming air with the race
of a resistance unit causes a total-pressure loss that
depends on the amount of an@e, the efi’iciency of the
resistance-unit core in Its act.~onas a turning vane, and
the air-stream velocity. Data cm these losses, from which
the curves of figure 15 were derived, wpre obtained fr~m
reference 18 and from the Wright Aeronautical Corpioratior~
and the Naval Aivcraft Factory. The data apply to inter-
coolers, circular oil coolers, and a viscous-impingement
type oi’air filter. The geomstr:? of the ducts and
resistances is also shown in figure 15. The curves
indicate that the pressure loss Ss sinil.ar to the pres-
sure loss of a duct bend in that.the aspect ratio of the
resistance-unit air passages is a controlling. factor.
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ILLUSTRATIVE EXAMPIJ5SOF DUCT ANALYSIS
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Several examples Lllustratlng the calculation of-

p’r.essureloss, a$fiflow; exit area, and Internal drag
for duct systems I and IV of Iignre 16 are given in”
tables II to IV. Each.of the hypothetical ihaot systen~
shown in figure 16 adheres to the same general “space
requirements end has ~

&
over-all increase’ in the cross-

sectlonal area from square foot at station 1 to ~,bstfv

3.o square ~eet at station 6. me selection of the” ‘*
pressure-loss coefficierits is lllustratedfor system I
in table II. Step-by-step’ computations for sjstems.1
and IV are given in tables 111 and IV, and the pressure-
10SS distributions or the four syste!nsare compared in
figure 17.

Duct system I (fLg. 16) was cicsl~rledaccording to
the two basic pri~CipL09 of duct dcslgn set forth in.the
section entitled ‘tGene2alPrinciples of Duct Design.”
The high-velocity air at station 1 is expanded in a
diff-~serhaving an eq~~ivalent conical an~la.of expmsion
of 70, Whick is dxwn in fLEure f]to be s~bjec~ to wini-
rn.urpressure icSSeS. The diffuser is followed by a well-
rounded ~0° bend cf constant crocs-sectJonal area. The
i~estof tha d~ffuslon is ac.compllsk.edat a hlg~.srrs:e
in a diff’u~ar.Lavirg e~lequivalent confc~l PnEle of 15.80.
~lthou~ tha rate of 3x~sn9ion is htgh in ck.eseconci
diffuser, the loss is not excessive bbcause of the low .
dynamic prassure at the entrmce. The second 90° turn
IS quite sharp but daes not caus<?a large pressure loss
because of’the low-velocity air. Duct systen II&ig.16)
was designed so that nart OF tke. crea expansion Is accom-
plished in the first 90° b~nd. Duct Syste:llIII iS an
example of a compromise “wk.icF.empk.asizosmore than
system I the principle of’having low f’lcwvelocities.

‘The low flow veloclt$r is obtained by diff’us$ngat a
higher rate of expansiorl. Duct systems 111 and IV repre-
sent opposite extrbmes in relation to the.i“nitialexparl-
slon of the Air. In system III the expansion is accom-
pllshed rapidly in a diffu8er having an equivalent
conical angle of 160 located upstream of tlhefirst beild;.
h System IV all the expansion is &ccompl~shed between
“the ”two 900 turns.with theprea constant-from’stations 1
to $. ,,

The dkt systen.swere assumed tp be installations
in an airplane flying at Sea level”in Army summer air at
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a true airspeed of 400 miles per hcur. For slmpliclty,
the total-pressure losses from the frge stream to station 1
were assumed to equal the pressure rise given the air by
the propeller; therefore, the total pressure at station 1
is equal to the l’ree-szreerntotal pressure. The adia-
batic temperature rise from the fliee stream to s@tion 1
was calculated by use of the followin~ equation from ref-
erence 2:

ATo,~008~2~~S -(+Y] (5)

The total-pressure 10SS through each duct un~t was calcu-
lated from tliecurves d’ this report as Illustrated in
table 11 for system I. Tha compressibility correction
to the dynamic pre~sure was negloctsd except at st[.tionsO
and 1 because of tLe low velocities. The following equa-
tion (from reference $9] whs used to calculate the co.n-
pressibility factor Fc at stations O and 1:

The temperate from stations 1 to 5 was assumed constant
bece.use the sTstems contained nc he.et exchangers and the
static-pressure chcngas were insufi’tcisnt to cause sig-
nificant changes In temperature. With the fcregoing con-
ditions and assumptions, the properties of the aiv at
each station were calculated as shown in tables 111
and IV.

The total-pressuro losses for each system are plotted
against the duct stations in figure 17, in which system I
is shown to be the most efficient.. ma high losses asso-
ciated with bends of Increasing cross-sectional arees are
verified by the curve for system 11. TW curve for sys-
tem III emphasizes the Importance of eff’jclsntly dif-
fusing the high-velocity ~ir even at the expense of
greater bend losses, provtdinl~ the bend desi~n Is rea-
sonably good. The data fcr s~stom IV indicate the
importance of efficiently reddcin,g the air velocity as
soon as possible even In thosG cases in which the effi-
ciency of some of the following units must be reduced.

The calculations for system I have been extended
to illustrate the method of obtaining air flow, exit
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area, and internal dra~. B{?cause the onlculation of’pres-
‘“a~.tid”’dfiops’”-acrossheat exchangers Is.a..pr.o.blcm..ouiaia.a
the scope of this report, the heat-exchanger pressure drop
is not considered in tliesubsequent discussion. The “.
nature of the calculation is in no way affected by this
simplification, blrtthe resuitant drag, internal-drag
power, and exit area will consequently be much tob qmall
to be ropresentatlve. A well-designed exit duct was
assumed to extend from statl,on6 to s.taticn7, the exit, .
and the total-pressure losses in this contractin~ section
were assumed to be ne~llgi’ble. Several mass. air flows
through the system were assumed and the estimated total-
pressure lossess exit velocity, exit area, and internal-
dnag ho:’sepower were evaluated for each alr flow. The
static pressure at the exit was assmmd to equal the
static pr9s3uue oi’the fr~e stream; tke temperature drop
asscci~tGd ‘withth:~drop in st~tic preaaure ~rom station 6
to the exit ~t stabi~n ~ was Qssluf?(ita be adiabatic.
The fOllOWinS equ~tton e::pr~sses this &di6bat~c r~l:’.tim:

The exit velocity VT whs C.alc’ulnt(?tibJ slJJbstitut!.:i,~
ATc and V5 in ec-uatlon (j). ~Ll~ cahl~l&~l~ns ;~r a
T.ass air flo-.vcf 0.109 g~u~~~1. s.~cofld~~~iesl~artz~d sml Ftca

—.——
in tsble 111. Th3 Lntsrnal-drag hors~pawer zat’.sedby
the momentum deficiency of the disch~rg~d alr &nd tt.e
exit arees required to abtuin certti~ntnacs~.iows through
the sy~tem arc plotted ag~lnst maas sir f’lcw in .fi.gure18.
From these curves the exit area rOqUirOd f~n a given i~a3S
flow or, conversely, the mass flow cerrespondlng to a
given exit apec, may ba deterr.insd. If ELheat ex~h.mger
had been included In ths foregoing arra~cment, the
p~essure drq> across it, the rise In cooling-air tem-
perature through it, and th-sresultant dGIJS~~~changes
would have had to be taken irltoaccount.

The pressure loss thr~ugh a duct component is.tif-
fectqd by the nature of the enter~il~ flow afid, ”when
unsymmetrical veloclty dlstrl”outlor:soccur, tile

.—
.-
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pressure-loss coefflci.onts are higher than those give~
herein for condit~ons of’uniform flow. This consZciera-
tlon raises the question of the accuracy with which the

‘- over-all losses for a duct s~stsm can be pr”~dicted by
summation of component losses obtulnsd from the ,material
In this report. As yet. no satislcctory answer to this
question exists, but this lack o= data In no way Lvpairs
the usefulness of the material contaiiledheroin for de-
signing duct systems for a ininlmum of loss.

Althou@ the pressure losses in a well-designed duct
system should ba 8~LGll compared with the unavoidable
heat-axchngcr pressure drop, the margin ol’pressure
available over pressure requ~red is vsry small, particu-
larly for fuil-power cltmb; and elimination of unnecessary
duct losses often makes the dtff’erence between an accept-
able and an unacceptable Installation.

Langley Memorial Aeronautical Laborsto?q
I?atlonal Advisory Committee for Aercnaubics

Langley Field, Vs.”,Kay 13, 1~~

..
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TABLE I.- ORDINATES FOR l@BER VANE PROFILES

.,

.

-

x/c

).oq
.05
● 10
● 15
● 20
.25
.30
● 5
L

: 1+5
.50
‘5

;j;

:7;

i.0
.65

jg;
●

—.

- .. ... . . .. ..x —— .—
.... ,.

~_c . . . . ......-

90° bend

0.000
.087
● 154
.20?J
.236
.262

●2 31.2 0
m242
.219
. 19?2
.16.7

600 bend

.157

.1 1
i‘2

:<29
.111

,000

45° bend

0.000
-----

● CA.)+
-----

.075
.--.-

.094
-----

.105
-----

.103
-----

.i)94
-----

-----

-----

-----

,000

30° bend
—.—.——

O.ot)o
-----
.031

-----
.051

-----
.067

-----
.a71

-----
.071

-----
.067

-----
.055

-----
.o~3

-----
.024

------
,Jo(l

—— .—.
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COMMITTEE FOR AERONAUTICS



t
I

I

.. . .

TABLE II.- ESTTMATION OF TOTAL-PRESSURE-LOSS COEFFICIENTS FOR DUCT SYSTZM I

[Mass flow = 0.1~9 sl~/see; temperature = 5~4.k0 F abs]

=m=T=ralll~ ‘ar%et’”‘T--zcu’a’ed‘a’u’s
Duct compont3rlt,recta.?gulardiffusers

...-. ..... - -“:.-:---

; 1 t.—-—
.

t—.— .—

Eiffuser
equivalent
conical
andle cl’
expansion,

(%8)

7.J
13.8

.— —--.-—

Initial-
station
cross-
sectlmal
area,
Iidi
(Sq ft)

1 I
0..25LJ ‘ 0.515 “ o.l@-

.515 I ;:XXJ ~ .2o7
.- .- - - - -. 1 ..-~

Duct comporlent,503 rectnngulm bends

?3end
aspect
ratio,
h/w

31
5 _L:l!_-——..

.*-.14
I’ciciuls

ratio,
F/w -

3.GiY
.78

m:P

(

“(fig: l(bj))1sluq/sec

ft ,

Diffuser
total-
pressure-
10ss
coefflclsnt,

AH/q
(i)

-—
,i).o4

z●i 3

Bend total-
?ressure-los~
coefficient,

AH/q

(rig. 2) ~

0.969
. 50U

— . Ll ‘1 ‘de\

NATIONALADVISCHY.
COMMITTEE FOR AZfiONAUTICS



(h) Reynolds
f@re 1. +7ricflon-factor

Reynolds nurn~er, R

number, ~ 000 to /O@OOa
and Reyno/ds number defermhal’im fw strulghtd!uch.
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“figure 2. ‘Total -pressure-ks coefficients

rectangular 90 °bends.
for
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.60 Radus rotio, VW .

.50 I Illk. I

1 I I I * I 1 1 I

- – ‘~.m

‘RN R
\L\ Y l-. \ I 1

021“$$ l--+
,o/~
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Arpect ratio, h/w

@ Reynolds number, 304tzv
Figure 2.- Continued,
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Figure 2.- Concluded
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b) Reynoids number, 150JQ00.
Figure 3.- To h2/-pres.sure ‘/0ss coeff ic ien +s for

elliptical ~“ bend.
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Fig. 3b

.2 .3 .4 ,5.6.7.8,9/ 2 3 4 5 6 789~0”
A apec f ratio, h/w

(@ Reynolds number, aOO, OOO.
Figure .5 .- Continued .
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/7Qvre4.-Total-presswe-loss coefficient factor kl

for 90° bend of changing area.
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NACA ARR No. L4F26 Fig. 6a
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Fiqure 6. - Continued.
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Figure 6.- Concluded. .
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Figure /O.- Total-pressure -loss coef ficknt factor k2

for curved-wall cent’ccd diffusers.
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DESIGN OF POWER-PLANT INSTJWLATIONS

PRESSURE-LOSS CHARACTERISTICS OF DUCT COMPONENTS
By John R. Henry

Pages 8 and 9 and figures 2, 3, and 6 have been corrected to include a
calculated friction loss in the over-all loss coefficient for the
bend. The corrected pages are attached to replace the corresponding
pages and figures in the original version of this paper.

0
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Valuesof f obtained
Reynoldsnumberin
closelywith valuesin

velocity and the hydraulic diameter of the duct.,
from figure 51 of reference 4 are plotted-against
figure 1. Data in figure 13 of reference 5 agree

‘-- fi~re 1. Determination of the Reynolds number is facilitated by supple-
mentary curves obtained by plotting the ratio of mass rate of flow to
duct perimeter against Reynolds number for a number of air temperatures.
The kenetic viscosity of the air used in constructing the supplementary
curves of figure 1 was determined by Sutherlandfs equation as presented
in reference 6.

A typical value of AH/q for straight aircraft ducts is 0.02 ~,

which is usually inconsequential compared with other parts of the system,
and the loss in sections of straight ducts is generally neglected. Long
winding ducts of small diameters, such as cabin-heater ducts, are some-
times treated as straight ducts of higher than average pressure loss due
to friction. The use of

m—= 0.04;
q

is recommended in reference 7.

90° bendsof constant-area rectangular cross section.- Pressure-loss
coefficients of 90U bends of constant-areaand rectangularcrosssection
givenin figure2 for threevaluesof Reynoldsnumberbasedon hydraulic
diameterare derivedfrom data appearingin references5 and 8 to 12.
The data of reference 5 are presented as a loss coefficient chargeable to
turning which was obtained by subtracting from the measured over-all loss
of the combine’d approach duct, bend, and tail pipe a calculated friction
loss for the approach duct, bend, and tail pipe. All the bend data pre-
sented herein have been reduced to an over-all loss coefficient for the
bend proper, or the data of reference 5 restored to an over-all loss by
adding in the calculated friction loss of the bend. Figure 2 indicates
that increasing the radius ratio beyond a value of about 2.00 yields no
further reduction in loss, and that the optimum aspect ratio varies
markedly with Reynolds number.

$)0°bends of constant-area elliptical cross section.- Pressure-loss
characteristics of 90° bends of constant-areaellipticalcrosssection
are @ven i-nfigure3 for threevaluesof Reynoldsnumber. The data
includecircularductsas a specialcase. The samegeneraleffectsof
radiusratioand the existence-ofan optimumaspectratioare notedfor
the bendsof constant-areaellipticalcrosssectionas well as for
rectangularbends. The effects of Reynolds number are much less for
bends of elliptical cross section than for bends of rectangular cross
section.

( NACA-Langley -11-24-52 -350
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90° bendsof changingarea.- Significantdata (derivedfrom
reference11) concernedwith the relationof ‘areachangeto the loss
in 90° bends of a particular geometry are shown in figure 4.-. In this-.-.-,.....,. ..
fi&ire the”ratio of 10SS in”a bend with”-cha-n-gingarea to’that in a
bend with identical inlet form but constant area is plotted against
the ratio of entrance width to exit width of the nonuniform bend.
Important reduction of loss in converging bends and serious increases
in loss in diverging bends are noted; the loss increases are par-
ticularly serious for bends of small radius.

Simple bends other than 900,.-No satisfactory correlation has
been made of data for variation of ~ressure-loss coefficient with
angle of bend. Pressure loss of 455 bends can apparently vary from
one-third to two-thirds the loss of a similar 90° bend, according to
the test conditions.

Compound bends.- Pressure-loss coefficients for three types of
compound bend (fig. 5) derived from reference 5 are shown in fig-
ure 6. Inasmuch as differences in the losses between the U-bends,
Z-bends, and 90° offset bends appears from reference 5 to be small
and inconsistent, the curves presented are averages of results for
the three types of bend. There appears to be little variation of
loss with Reynolds number. Introduction of a 5-foot spacer between
the two parts of the compound bend increases the over-all loss appre-
ciably due to the added friction loss. A comparison of the 1800 bend
(U-bend) data of figure 6with the 900 bend data of figure 2 shows that
the relative loss varies to a marked degree with the radius ratio and
aspect ratio of the bend.

Effects of surface roughness on bend losses.- The effect of sur-
face roughness on the losses in straight pipes has already been given
by the curves of figure 1. A study of pressure-loss data for bends
of angles from 300 to 900 and radius ratios from 1 to 6 (refer-
ence li) indicates that the influence of surface ro~ghness on the
loss in bends, and presumably of other duct components in which major
flow disturbances arise, is very much greater than can be attributed
to the increase in skin friction at the mean velocity of flow.
Analysis of the data in reference 11 suggests that the ratio of
losses through two bends, identical except for surface roughness,
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